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Advances in technology have shaped the history of surgical procedures. Recent
developments have allowed surgical procedures to become less invasive than traditional
open procedures. The transition to Minimally Invasive Surgery (MIS) has resulted in
decreased recovery times, improved cosmetic results, and reduced costs.

For these

reasons, there is interest in further reducing the invasiveness of surgical procedures by
accessing the abdominal cavity through a single incision, such as with Laparoendoscopic
Single-Site (LESS) surgery. Added complexities, such as unintuitive controls and limited
dexterity, prevent the widespread adoption of LESS for complex surgical procedures.
Multi-functional in vivo surgical robots have been designed to overcome the issues
associated with LESS procedures.
Three different generations of four-degree-of-freedom (4-DOF) miniature in vivo
surgical robots have been designed, analyzed, and tested to determine their feasibility for
LESS procedures. The robotic platform consists of a two-armed robotic prototype and a
remote surgeon interface. For surgical procedures, each arm of the robot is completely
inserted individually through a small incision and then assembled within the abdominal
cavity. Benchtop tests and in vivo surgical procedures have been used to demonstrate the
efficacy of using a robotic platform over traditional laparoscopic tools. The robotic
systems have shown significant benefits including access to all quadrants in the
peritoneal cavity, improved visualization and dexterity, and intuitive controls.
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Chapter 1: Introduction
Since the dawn of surgery, most surgical procedures have been performed through
a large incision. While open surgery offers excellent visualization and manipulation, it
causes unnecessary trauma to the patient.

New technology and improved surgical

methods have allowed surgery to become less invasive. Minimally Invasive Surgery
(MIS) is replacing open procedures, thereby providing patients with significant benefits
including reduced trauma and costs along with faster recovery times, improved
cosmetics, and decreased mortality rates [1, 2, 3, 4, 5, 6, 7]. Laparoscopy, a form of MIS
in which long, rigid instruments are inserted through small incisions, has become the
standard care for many routinely performed surgical procedures [8].
While replacing a large open incision with multiple small incisions offers
significant advantages, limitations such as reduced dexterity, lack of tactile feedback, the
fulcrum effect and two-dimensional imaging lead to more technically difficult surgeries
[2, 9, 10]. Specialized tools and instruments have allowed surgeons to overcome these
limitations, and focus remains on further reducing the invasiveness of surgical
procedures. Natural Orifice Translumenal Endoscopic Surgery (NOTES) is the ultimate
MIS goal.

NOTES completely eliminates all external incisions by accessing the

peritoneal cavity through a natural orifice, leaving no external scars and further reducing
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the risk of infection to the patient. NOTES offers additional advantages to MIS, but is
limited by the size of the natural orifice and the requirement that instruments be flexible
enough to traverse the natural lumen.
Laparoendoscopic Single-Site Surgery (LESS) has been viewed as an important
step, and possibly a bridge to NOTES [11]. LESS surgery is performed by utilizing
multiple articulating, bent, or flexible laparoscopic tools inserted through a single
specialized port in the abdominal wall [12]. While a LESS procedure is theoretically
easier to perform than a NOTES procedure, it still has inherent drawbacks. Current
LESS techniques involve crossing the bent tools, resulting in collateral hand movements
in which the surgeon’s right hand controls the left end effector and vice versa.

Figure 1.1. LESS Robotic Surgery

A completely insertable in vivo surgical robot platform, as shown in Figure 1.1,
has been developed to provide similar functionality to laparoscopic tools while
addressing the limitations associated with LESS procedures. These two-armed surgical
robots can be inserted through a single incision and then assembled inside the insufflated
abdominal cavity. One example of these robots is shown in Figure 1.2. This system
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offers access to all quadrants in the peritoneal cavity, improved visualization and
dexterity, and intuitive controls.

Figure 1.2. Multi-Functional Surgical Robot

Once inserted, the robot can then be controlled by a surgeon at a remote location
to perform surgical tasks. Remote operation is important because the surgeon does not
need to be physically with the patient to perform surgery. This allows the surgeon to
safely operate on a patient in hazardous conditions, such as a battlefield or during long
duration space flight.
This thesis presents the design, analysis, and testing of three different generations
of four-degree-of-freedom (4-DOF) miniature in vivo surgical robots for LESS
procedures. The first two robot generations will be briefly analyzed and the third and
most recent generation will be examined in depth. In vivo surgical results from two of
the robots will be presented along with a comparison of the results.
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Chapter 2: Background
Section 2.1.
2.1.1.

Minimally Invasive Surgery
Laparoscopic Surgery

During the late 1980s and early 1990s, breakthroughs in technology brought about
an increased development in MIS. This resulted in a shift from traditional open surgeries
to laparoscopic procedures [13, 14].

As instrumentation improved, the number of

different laparoscopic procedures expanded. Nearly every general procedure previously
performed by traditional methods has been performed using laparoscopic techniques.
Although more difficult than open surgery, laparoscopic surgery has demonstrated
multiple patient benefits [15, 16]. Continuing focus remains on further reducing the
invasiveness of surgical procedures by limiting the number and size of incisions.

2.1.2.

Natural Orifice Surgery

Natural Orifice Translumenal Endoscopic Surgery (NOTES) was initially viewed
as the next evolution in MIS. Accessing the abdominal cavity through a natural orifice is
a very appealing method from the perspective of a patient. Not only does this type of
procedure further enhance the benefits of laparoscopic surgery, NOTES also provides no
external scarring. NOTES feasibility was initially demonstrated by Kalloo et al. in an
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animal model study using the upper gastrointestinal tract to access the abdominal cavity
[17]. Several feasibility studies by various groups then followed including the first
survival NOTES cholecystectomy (gallbladder removal) in an animal model [18]. More
recently, successful NOTES procedures have been performed on humans [19]. Although
possible, NOTES procedures have proved to be too difficult with current technology to
be widely adopted.

2.1.3.

Laparoendoscopic Single-Site Surgery

A more realistic evolution to MIS is through the implementation of
Laparaoendoscopic Single-Site Surgery (LESS). Although LESS complicates the already
unintuitive control motions of traditional laparoscopic tools, several encouraging results
have already been documented. Multiple LESS procedures have been performed in
humans including cholecystectomies, appendectomies, splenectomies, nephrectomies,
and colectomies [20, 21]. By performing colectomies utilizing a LESS procedure instead
of an open procedure, hospital stays can be reduced from 4-6 days to 1-2 days [22].
While all of these results are promising, new technologies are needed to overcome the
challenges associated with minimally invasive techniques so that the patient benefits can
be realized for more complex surgical procedures.

Section 2.2. Instruments for MIS
Traditional laparoscopy utilizes long, rigid tools varying in size with different end
effector combinations. NOTES procedures make use of tools based on the flexible
endoscopy platform. For LESS, the instruments are crossed through a single port. This
prevents the use of standard laparoscopic tools to perform surgical tasks. Variations of
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novel LESS technology have been developed to provide improved triangulation and
increased dexterity. Laparoscopic tools with articulating distal ends assist in overcoming
the loss of triangulation caused by in-line instrumentation.

Using instruments with

articulating end effectors for LESS still requires the crossing of the surgeon’s hands.
This mental reversal is difficult and time consuming even for experienced surgeons.

Section 2.3.
2.3.1.

Robotic Surgery.
Surgical Robotics

As technology has developed, there has been an increased interest in the use of
robotics to improve the outcomes of surgery and to make procedures more precise [23,
24]. The first robot used clinically was the Automated Endoscopic System for Optimal
Positioning (AESOP) [25]. This robotic camera holder provided surgeons a stable, voicecontrolled camera platform.
Currently, the da Vinci® Surgical System (Intuitive Surgical), shown in Figure
2.1, is the most advanced commercially available robotic system. This system improves
dexterity and visualization through the use of articulating Endo-wrists™ and threedimensional imaging.

Other advantages include motion scaling, tremor reduction,

intuitive controls, and telerobotic operation [26, 27, 28]. When using this system, the
surgeon sits at a remote control console while the arms of the robot are positioned above
the patient at the operating table.

Limitations in this system include difficulties in

repositioning the patient, arm collisions, size, and high cost [10, 26].
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Figure 2.1. Intuitive's da Vinci® Surgical Robot (IntuitiveSurgical.com)

There are additional research efforts targeting smaller, dexterous robots for
surgical tool guidance.

Research systems include the CURES, MC2E, Raven, and

CoBRASurge robots [29, 30, 31, 32]. Commercial products for laparoscopic guidance
are also available.

These include ViKY (Endocontrol), Freehand and EndoAssist

(Prosurgics), Lapman (medsys), and SoloAssist (AKTORmed) [33, 34, 35, 36].

2.3.2.

In Vivo Robots

An alternative approach to externally actuated systems is the use of miniature
robots that can be completely inserted into the abdominal cavity. These devices do not
have the constraints associated with working through an access port. Robotic devices
within this category can be either mobile within the abdominal cavity or mounted to the
peritoneum.

Examples of these in vivo robotic systems include a transabdominal

magnetic anchoring and guidance system (MAGS) and insertable monoscopic and
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stereoscopic imaging devices with multiple degrees of freedom [37, 38]. These devices
are being developed specifically for NOTES and LESS applications.
Previous research within the University of Nebraska Advanced Surgical
Technologies group has demonstrated the feasibility of using several different types of
robotic platforms to assist with MIS.

This research includes the development of

magnetically mounted imaging robots as well as surgical task assistance [39, 40]. The
mobile robots use two drive wheels to provide mobility for the platform and can be
equipped with a variety of tools for cauterizing, clamping, stapling, biopsy, and imaging.
More recently focus has been placed on multi-functional dexterous robots capable
of performing complete surgical procedures [41, 42]. These two-armed robots can be
inserted through a single incision and then grossly positioned to perform surgical tasks on
all four quadrants of the abdominal cavity. Gross positioning is defined as the rotation or
translation of the entire robot within the abdominal cavity. Advancements within this
multi-functional dexterous in vivo robot category will be further discussed throughout
this thesis.
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Chapter 3: In Vivo Surgical Robot Motivation
Section 3.1.

Design Concepts

With single incision surgery, there are many constraints with instrument
placement, visualization, and tissue manipulation.

Dexterous in vivo robots aim to

replace standard laparoscopic tools in general MIS. The basic robot design consists of
two arms that can be separated and inserted individually through a single small incision.
After the robot is completely inserted within the abdominal cavity, both arms are
positioned and mated together using a central assembly rod. This assembly rod protrudes
out through the incision and allows the robot to be supported and grossly positioned, if
needed. In order to be inserted through a small incision for LESS, the robot arms’
diameter must never be greater than 30mm.
Both arms are designed to have capabilities similar to if not greater than
traditional laparoscopic tools. Because the robot is completely contained within the
abdominal cavity, there are no kinematic issues with working through a single, small
incision. The robot is designed to have four degrees of freedom in each arm along with
open/close actuation of the end effectors.
Each arm consists of a ‘Torso,’ ‘Upper arm,’ and ‘Forearm.’ The symmetric arms
each have a 2-DOF shoulder joint, a 1-DOF elbow joint, and a 1-DOF rotation of the end
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effector. The rotation degree of freedom is decoupled and has no effect on the Cartesian
positioning of the end effector.

Section 3.2.

Design Requirements

Several factors are considered as necessary design requirements when developing
in vivo surgical robots. These factors include: force, velocity, dexterity, workspace, and
size. The robotic arms must have adequate force, velocity, and dexterity to perform
surgical tasks. The arms must also have a large workspace. Robotic workspace can be
defined as the volume of space that each end effector can reach. A large workspace
prevents the need for the robot to be grossly repositioned multiple times during a surgery.
Furthermore, simply because a pair of robotic arms has a large workspace does not mean
they are ideal. The intersecting workspace, or workspace that both arms can reach, must
be maximized so the arms can work together cooperatively.
It is difficult to quantify the necessary forces and speeds required to manipulate
tissue and perform surgical tasks.

The most prevalent available data are from

laparoscopic procedures. Nearly all of these data describe the forces applied by the
surgeon at the tool handle instead of the actual forces applied to the tissue. It becomes
impossible to accurately determine the applied tissue forces because the trocars used to
pass tools through the abdominal wall introduce friction and torques that require the
surgeon to apply higher forces than are actually felt by the tissue. Although the data are
not directly applicable, it is safe to assume that the tissue forces are less than the surgeonapplied forces. Therefore, the applied forces can be used as an upper bound with an
added safety factor.
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Researchers at the BioRobotics Lab at the University of Washington have used a
device called the BlueDRAGON to measure the forces and speeds of various surgical
procedures [43, 44]. The values found are shown in Table 3.1. Because these data are
the most relevant and accurate data available, these values are used as preliminary design
guidelines.
Table 3.1. Surgical Robot Design Requirements

While most of the design requirements can be approximated, it becomes difficult
to simultaneously satisfy all the constraints.

As with all design problems, the

requirements are often conflicting and require trade-offs. All trade-offs for this design
concern the size of the robot. Examples of this include conflicts with workspace, force
and speed, and dexterity. Larger link lengths increase the reach and usable workspace of
the robotic arms, but increase the overall size of the robot. Larger motors are typically
stronger and faster, but also take up more space. Additional degrees of freedom add
dexterity, but require more motors, which increases size. The size of the robot must be
minimized because of the small insertion hole and limited space within the abdominal
cavity. All of these factors must be dutifully considered to create an effective surgical
robot.
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Chapter 4: Nate-Bot 2 (NB2)
Several iterations of multi-functional two-armed surgical robots have been
developed at the University of Nebraska-Lincoln Advanced Surgical Technologies Lab.
The initial generations of the robots were geared towards NOTES and were ultra-compact
with minimal degrees of freedom. As the focus shifted from NOTES to LESS and the
technology developed, larger robots with advanced capabilities were designed. The first
of these robots to incorporate a rotating elbow joint instead of a translating arm was the
Nate-Bot 2 (NB2) series. This rotating elbow significantly improved upon the robot’s
workspace and dexterity.

Section 4.1.
4.1.1.

NB2.0
Design

Initially, NB2.0, shown in Figure 4.1, was designed for NOTES procedures. Both
arms could be straightened so they were aligned with the body segment. This allowed the
robot to be inserted through an overtube in the esophagus, where it could successfully
navigate the upper gastrointestinal tract to enter the abdominal cavity. While this robot
had improved endpoint forces and speeds along with a larger workspace than previous
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versions, it was much too large to be utilized as a NOTES robot. It was easily converted
to a LESS robot by adding a support rod attachment to the main body segment.

Figure 4.1. NB2.0 Design

NB2.0 was the first surgical robot developed at the University of Nebraska to be
designed using similar kinematics as the human body and arms. Attached to the main
body segment were two symmetric 4-DOF arms. Each arm includes a 2-DOF shoulder
joint that provided yaw and pitch, as well as an elbow joint that provided yaw. NB2.0
was also the first robot to feature interchangeable end effectors. End effectors could now
be quickly bolted on and off to create new combinations for different surgical tasks.
Typical end effectors for this prototype included graspers and DC eye cautery. Each end
effector has a rotational degree of freedom, along with open/close actuation if necessary.
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The Denavit-Hartenberg parameters defining the kinematics of NB2.0 are shown
in Table 4.1. These parameters can be used to describe the robotic arms. Parameters L1
and L2 are constants defining the link lengths. L1 is the length of the upper arm and is
equal to 88.4 mm. L2 is the length of the forearm and is equal to 123 mm. Shoulder
pitch (θ1), shoulder yaw (θ2), elbow yaw (θ3), and end effector rotation (θ4) define
rotations of the robot with respect to intermediate frames of reference.
Table 4.1. NB2.0 Denavit-Hartenberg Parameters

4.1.2.

Issues

While NB2.0 offered significant advancements over previous versions of the
multi-functional in vivo robot family, it also brought forth new issues. The workspace
volume of NB2.0’s arms is shown in Figure 4.2. The red, blue, and purple volumes
represent the left arm, right arm, and intersecting workspaces, respectively. During
benchtop tests and in vivo surgical tests, surgeons commented on the lack of the robot’s
ability to cooperatively use the arms. The purple volume, or intersecting workspace,
shown in Figure 4.2 is a very small portion of the overall workspace. Because of this, the
robot had to be continually repositioned to perform simple surgical tasks. The reason for
this lack of intersecting workspace is due to the robot’s poor joint limits with respect to
its kinematics. The robot’s shoulder joints were too far apart to create an efficient
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intersecting workspace. This led to further development on the kinematics of this robotic
prototype.

Figure 4.2. NB2.0 Workspace

Section 4.2.
4.2.1.

NB2.1
Solution

After additional analysis, simple kinematic changes were utilized to make large
changes to the intersecting workspace.

The kinematic change was completed by

‘breaking’ the robot’s body segment in half, rotating the new body segments ninety
degrees so they were parallel and no longer coaxial, and re-attaching the body segments.
This change resulted in the robot’s shoulders being closer together and a more efficient
intersecting workspace was created. This new workspace is shown in Figure 4.3. Again,

16
the red, blue, and purple volumes represent the left arm, right arm, and intersecting
workspaces, respectively. It is easy to see how the new intersecting workspace spans the
majority of the workspace volume and is no longer a small subset.

Figure 4.3. NB2.1 Workspace

4.2.2.

Design

The new version of the Nate-Bot family of robots was designated as NB2.1 and is
shown in Figure 4.4. This robot was very similar to NB2.0 in almost all design aspects
except for the kinematic change. The modified Denavit-Hartenberg parameters defining
NB2.1 are shown in Table 4.2. Again, parameters L1 and L2 are constants defining the
link lengths and θ1, θ2, θ3, and θ4 define rotations of the robot joints. The distance
between the shoulders was reduced from 108.4 mm in NB2.0 to 36.7 mm in NB2.1.
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Figure 4.4. NB2.1 Design

Table 4.2. NB2.1 Denavit-Hartenberg Parameters

One beneficial side effect of splitting the two arms was the ability to now
individually insert each arm for LESS surgery. Due to the limited space within the
abdominal cavity, the task of inserting a complete robot proved to be quite difficult.
Separating the arm modules simplified the insertion procedure. Once the arms were
individually inserted, they could be brought back together and mated to the support rod.
The separated NB2.1 arm modules are shown in Figure 4.5.

18

Figure 4.5. NB2.1 Separated Arm Modules

4.2.3.

Monopolar Cautery

During the development of the NB2.1 robotic prototype, several new peripheral
components were designed. A monopolar hook cautery was designed to replace the DC
eye cautery that had been used. The DC eye cautery is a wire resistor that heats up when
current is applied. This heated wire is then use to cut through tissue. While simple to
implement, this method is very inefficient and can break down quite easily. During
monopolar cauterizing, a grounding pad is attached to the patient and AC current is
applied to the cautery tip. When the cautery tip touches the patient a circuit is completed
and the electricity flow heats up the tissue at the point of contact and thus can be used to
cut and coagulate.
Implementing the monopolar cautery on NB2.1 was simple. A hook connected to
an electrosurgical generator was added as an end effector to the robot. Initially, problems
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occurred because the generator created a very electrically noisy environment around the
robot. This caused problems with the accuracy of the motor encoder readings. To
compensate, double-shielded wire and filter boards were used to keep the signal clean.

4.2.4.

Needle Driver Design

Another peripheral design was needle drivers to be used with the interchangeable
end effectors.

Suturing of tissue is a common surgical task.

Tissue manipulation

graspers are typically serrated with teeth to grasp tissue more effectively. These teeth are
not ideally suited to grasp a needle used for suturing. Small modifications were made so
that the graspers resembled traditional needle drivers. These changes included shortening
the graspers and replacing the teeth with a knurled face. A rendering of the needle
graspers design on the surgical robot is shown in Figure 4.6.

Figure 4.6. Needle Graspers Design
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4.2.5.

2-DOF On-Board Camera Design

Another accessory that was added was an actuated on-board camera. An onboard camera prevents the need for an external laparoscope to be introduced for
visualization. This camera was designed as a third module that could be mated between
the two arm modules. The camera has two degrees of freedom. The actuated panning
and tilting of the camera allows the entire robotic workspace to be visualized.

A

monoscopic or stereoscopic imager set-up allows for 2-D or 3-D viewing.
A cross section of the camera design is shown in Figure 4.7. The tilting of the
camera is achieved by a 6mm motor attached to a worm gear that rotates the housing of
the pan mechanism and the imager. Panning is accomplished by a 6mm motor attached
to a spur gear output that rotates the imager. While this design was bulky, it provided
excellent visualization capabilities.

Figure 4.7. Pan/Tilt On-Board Camera Cross Section
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Chapter 5: Tyler-Bot 1 (TB1)
Several technological advancements were made during the use of the NB series of
robots, including demonstrating feasibility of using a robot to perform complex surgical
tasks. However, the NB robots were much too large to be effectively used in a LESS
procedure. As a result, the robots were only used in open procedures as they could not be
realistically inserted through a small incision. The next steps in the development process
were to shrink the overall size of the robot and develop an insertion protocol. The next
robot was the beginning of the Tyler-Bot (TB) family.

Section 5.1.

Design

Through analysis of NB2 it was found that the drivetrain design was a major
factor in the size of the robot and the link shapes determined the joint range and overall
workspace. A new robot design, designated TB1, was created that focused on these
issues. This robot is shown in Figure 5.1. The kinematics of TB1 stayed the same as
NB2.1, but changes were made to the gear train and shape of the robot.
Adjustment in motor placement allowed this robot to become smaller in size.
Previously, the 2-DOF shoulder in NB2 was actuated by a motor in the distal end of the
torso segment and a motor in the proximal end of the upper arm segment. By moving
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both of these motors into the torso segment, the upper arm segment size was drastically
reduced because it only had to house a single motor for the elbow actuation.
Other modifications came in the joint links and joint positions. The shoulder joint
links were shaped with a minimalist approach so that they would allow full mobility of
the shoulder. The elbow joint was placed in the middle of the upper arm. This shrank the
overall length of the arm.
TB1 was the first robot to implement a successful insertion protocol. Control rods
were attached to each of the body segments. After the arms were inserted, the modules
could be positioned using the control rods. Intracorporeal assembly is then completed by
attaching a custom fastener over the rods to lock the modules in place.

Figure 5.1. TB1 Design
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Section 5.2.

Issues

While new advancements were made during the development of TB1, this robotic
prototype had a very short lifespan. TB1 suffered from similar joint limit problems as
NB2. Several different kinematic arrangements were investigated, but the robot was still
too large and the workspace was not increased enough. Along with this, reliability
problems plagued the robot. The motors were prone to overheating due to a poor heat
sink design.
Another issue was the size of the robot. Although it was possible to insert TB1, it
was difficult to operate within the abdominal cavity. The arms had a tendency to collide
with the abdominal wall. The size of the robot was related to the motor and gearing
combinations used. The motors used were long with a small diameter and were not very
space efficient. Switching to short, larger diameter motors with similar output would
have drastically reduced the length of this robot.
Different combinations of arm configurations were used with the TB1 torso to
attempt to compensate for these problems, but in the end the design was abandoned.
However, many lessons that could be applied to future robot designs were learned from
the TB1 robot. These lessons include maximizing the workspace while minimizing the
overall size and increasing the durability of the robot.
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Chapter 6: Tyler-Bot 2 (TB2)
The next iteration in the TB family has been by far the most successful. TylerBot 2 (TB2) was designed based on the knowledge gained from the previous surgical
robotic prototypes. Several fundamental criteria were used as benchmarks in the robot’s
design. The robot must be simple, durable, compact, and insertable. Along with these,
the robot joints must have a large range of motion to maximize the workspace, and the
endpoints must generate the force and speed required for surgical tasks.

Section 6.1.

Kinematic Design

A kinematic model of one arm of TB2 is shown in Figure 6.1. The base frame
{0} is located at the plane of symmetry between the two arms. Frames {1} and {2}
intersect at the 2-DOF shoulder joint. Frame {3} is located at the elbow joint between
the upper arm and forearm. Frame {4} is located on the tip of the end effector.
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Figure 6.1. 4 DOF TB2 Kinematic Model

6.1.1.

Denavit-Hartenberg Parameters

The Denavit-Hartenberg parameters defining the robot are shown in Table 6.1.
Parameters L1, L3, and L4 are constants defining the link lengths. L1 is the length of the
shoulder offset and is equal to 61.9 mm. L3 is the length of the upper arm and is equal to
50.8 mm. L4 is the length of the forearm and is equal to 81.4 mm. Shoulder pitch (θ1),
shoulder yaw (θ2), elbow yaw (θ3), and end effector rotation (θ4) define rotations of the
robot with respect to intermediate frames of reference. Working joint ranges are also
given.
Table 6.1. TB2 Denavit-Hartenberg Parameters
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6.1.2.

Forward Kinematics

The Denavit-Hartenberg parameters can then be used to construct the
transformation matrices that define frame {i} relative to frame {i-1}. This transformation
is a function of the four link parameters listed in the Denavit-Hartenberg parameters. The
general form of this transformation is shown in Equation 6.1.

i-1
i

[

]

(6.1)

Utilizing the general form of the transformation matrix results in:

1T

=[

]

(6.2)

1

2T

=[

]

(6.3)

2

=[

]

(6.4)

0

3T

3

4T

=[

]

(6.5)

where cn = cos(θn) and sn = sin(θn)
After the frame transformations are found, they can be concatenated to find a
single transformation that relates the end effector frame to the base frame. The Cartesian
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coordinates of the end effector with respect to the base frame can then be extracted from
the transformation matrix to give the forward kinematics of the robot. The forward
kinematics equations can be found in Equations 6.6, 6.7, and 6.8.

(6.6)

(6.7)

(6.8)

6.1.3.

Workspace

As previously defined, workspace is the volume of space that the end effector of
each arm can reach. Workspace can be found mathematically by using the kinematic
equations and the joint limits.

For 4-DOF robot arms, workspace is more easily

calculated by finding the maximum and minimum reach and then revolving about the
joint axes. Ideally, the workspace of a surgical robot will encompass the entire volume
that is involved in the surgical task. Workspace is dependent on link lengths and joint
limits; therefore, because the robot’s size must be minimized, the joint limit range must
be maximized.
The intersecting workspace for TB2 was modeled along with a proportionally
sized human large intestine. The intersecting workspace is shown along with the robot
and colon in Figure 6.2. The side and top views of this model show the intersecting
workspace volume encompassing a substantial section of the large intestine. The right
side of Figure 6.2 shows the intersecting workspaces if the robot is rotated about the
central axis of the support rod. By simply rotating the support rod, the entire large
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intestine is within reach of both arms’ workspace. The ability to interact with the entire
length of the large intestine is extremely beneficial when attempting to perform a robotic
colectomy procedure.
TB2’s intersecting workspace is essentially a 95 mm square revolved around the
torso of the robot. The minimum reach of the robot is 50.8 mm and the maximum reach
is 132.2 mm.

Figure 6.2. TB2 with Intersecting Workspace and Colon
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6.1.4.

Jacobian

The forward kinematic equations of the robot can be used to calculate the
Jacobian matrix. The Jacobian matrix relates the endpoint speeds to angular joint speeds,
and the transpose of the Jacobian matrix relates the endpoint forces to the joint torques.
Equation 6.9 is used to calculate the base frame Jacobian from the forward kinematics.
The Jacobian matrix for TB2 takes the form of a 3 × 3 matrix. The components of the
Jacobian matrix were calculated using MAPLE. The code used is detailed in Appendix
A. The output of the 3 × 3 Jacobian matrix can also be found in Appendix A.

0

𝐽( )

6.1.5.

𝛿( , , )
𝛿

(6.9)

Theoretical Abilities

As stated previously, the Jacobian can be utilized to find endpoint forces, speeds,
and manipulability. The relations of joint torque to endpoint force and joint speed to
endpoint speed are shown in Equations 6.10 and 6.11, respectively. The angular joint
speeds and joint torques are determined by the motor specifications and the output
gearing used. Because these values are known, the theoretical endpoint forces and speeds
can be calculated across the robotic workspace using an iterative mathematical process.
0 𝑇(

𝜏

)𝐹

(6.10)

𝐽( ) ̇

(6.11)

𝐽

0

𝑉

0
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6.1.5.1.

Forces

Using equation 6.11 and the known motor torques, the endpoint forces along the
principal Cartesian axes were calculated. The torques at joints 1, 2, and 3 are 1220.61,
264.17, and 264.17 mNm, respectively. This type of analysis assumes no gravity and
massless arms. While not exact, the values found are a reasonable estimate of the robot’s
abilities. The endpoint force value was iteratively calculated across the workspace for the
X, Y, and Z directions. To better analyze these theoretical data, the maximum force
value out of each Cartesian direction was recorded and then plotted. A mesh was then
formed and a gradient of the force is shown across the workspace. TB2’s right arm was
then overlaid to give perspective. The plot of maximum force out of the three Cartesian
directions is shown in Figure 6.3. As the arms are symmetric, only one arm’s values
were plotted.

Figure 6.3. TB2 Maximum Endpoint Force
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Further analysis was completed by selecting the least maximum force out of the
three Cartesian directions. The plot of minimum force out of the Cartesian directions is
shown in Figure 6.4. This plot demonstrates the smallest maximum force that can be
attained at a point within the workspace. Areas within the workspace that have higher
minimum forces are optimal to work in. The plots are shown in 2-D to better visualize
the results. A 3-D plot could be formed by rotating the 2-D plots around the torso of the
robot. Visual analysis of these plots shows that the “sweet spot” for force is located
between the two robot arms in the intersecting workspace about three-quarters of the arm
length away from the torso. This is ideal because this is the region of the workspace that
is most utilized by surgeons when performing surgical tasks.

Figure 6.4. TB2 Minimum Endpoint Force
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Additional calculations determine that the average force across the workspace for
the X, Y, and Z directions is 10.3 N, 14.8 N, and 25.5 N, respectively. All of these values
are greater than the corresponding guidelines set by the BlueDRAGON data.

It is

worthwhile to note that singularities tend to skew the data. Singularities occur at the
extents of the workspace when the determinant of the Jacobian matrix is equal to zero.
The maximum force at a singularity tends to go to infinity. To counteract this effect,
limits were placed in the calculation code to ignore data at the singularities.

6.1.5.2.

Velocities

A similar procedure was used to find the maximum and minimum endpoint
velocities. The angular velocities at joints 1, 2, and 3 are 0.97, 1.11, and 1.11 rad/s,
respectively.

The plots of maximum and minimum velocities out of the Cartesian

directions are shown in Figures 6.5 and 6.6, respectively. Analysis of these plots again
reveals that the highest velocities are generated when the end effector is within the
intersecting workspace of the robot. Calculations determined that the average velocities
across the workspace for the X, Y, and Z directions are 123.5 mm/s, 77.0 mm/s, and
139.7 mm/s, respectively. The maximum velocities across the workspace for the X, Y,
and Z directions are 220.6 mm/s, 128.2 mm/s, and 237.1 mm/s, respectively. All of these
values are also greater than the corresponding guidelines set by the BlueDRAGON data.
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Figure 6.5. TB2 Maximum Endpoint Velocity

Figure 6.6. TB2 Minimum Endpoint Velocity
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6.1.5.3.

Manipulability

Workspace was previously defined as the region that a robot arm can reach;
however, just because it can reach a point doesn’t mean that it is able to effectively
perform specific tasks at that position. Manipulability is a concept that works to correct
that problem by measuring the tool tip’s ability to move. Yoshikawa introduced a
method of quantifying the manipulability of a robot by using the Jacobian matrix [45].
This manipulability measure is defined in Equation 6.12.

𝑊

√det(𝐽( )𝐽𝑇 ( ))

Figure 6.7. TB2 Manipulability

(6.12)
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The manipulability for TB2 was calculated across the workspace.

The

manipulability was normalized to simplify the analysis. These data were then meshed
and plotted as shown in Figure 6.7. 1 represents the highest manipulability while 0
represents the lowest. Again, the highest manipulability values are directly in front of the
robot, coinciding with the intersecting workspace of both arms. It is optimal that the area
with the highest forces, velocities, and manipulability is within the intersecting
workspace of the robot. This is the area that is used most by surgeons during surgical
tasks.
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Section 6.2.
6.2.1.

Design
Overall Design

The basic robot design for TB2, shown in Figure 6.8, consists of two 4-DOF arms
that can be individually inserted into a single 4 cm incision. This robot was developed
for all LESS procedures with colon resections specifically in mind. The kinematics for
TB2 are more similar to NB2.0 than NB2.1. This is possible because larger diameter,
short motors were used as opposed to smaller diameter, long motors, which allows the
shoulders to be placed closer together. The joint links are also shaped to maximize joint
range of motion.

Figure 6.8. TB2 Surgical Robot
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Like previous robot versions, each arm of the robot is made up of a torso, upper
arm, and forearm. A 2-DOF shoulder joint, located between the torso and upper arm,
provides yaw and pitch. A 1-DOF elbow joint also provides yaw. Each end effector also
has a rotational degree of freedom, along with open/close actuation if necessary. A single
arm with labeled degrees of freedom is shown in Figure 6.9.

Figure 6.9. TB2 Robotic Arm with Labeled Degrees of Freedom
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The small size of TB2 allows it to easily be inserted and grossly positioned within
the abdominal cavity. Figure 6.10 demonstrates how rotating the surgical robot provides
access to all four quadrants within the cavity. This allows the surgeon to operate on the
full length of the colon.

Figure 6.10. TB2 Model Reaching All Four Quadrants
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6.2.2.

Joint and Link Design

The basis of design for all joints was to develop a self-contained assembly that is
able to house and protect all of the components necessary to actuate the robot. All
motors and electronics are housed within sealed cavities to prevent the electrical
components from short circuiting while in the moist in vivo operating environment. As
the arms are symmetric, all components used are identical for both arms except for the
plastic housings which are mirrored between the left and right arms. Figure 6.11 allows
excellent visualization of the inner workings of each arm. All joints are actuated using
Faulhaber coreless brushed permanent magnet direct current motors with magnetic
encoders. The joints are precision machined 6061 aluminum. The body housings are
rapid prototyped from Accura60, a water resistant stereolithography resin.

Figure 6.11. TB2 Drivetrain
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6.2.2.1.

Torso

The torso includes a single 26 mm motor that provides actuation for the shoulder
pitch. A cross section of this joint is shown in Figure 6.12.

The motor actuates a spur

gear set that is properly constrained by two bearings. A flat on the output shaft and spur
gear transmit motion. The output shaft of this joint is attached to the proximal section of
the upper arm that provides shoulder yaw. The output shaft features a squared end with a
threaded hole for transmission of motion.

Figure 6.12. TB2 Shoulder Joint Cross Section
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6.2.2.2.

Upper Arm

The upper arm houses two 15 mm motors. The motors on the proximal and distal
ends of the upper arm provide actuation for the shoulder and elbow yaw, respectively.
Both of these joints are identical. A cross section is shown in Figure 6.13. Similar to the
torso, both motors actuate a properly constrained spur gear set that has a flat to transmit
motion to the output shaft. The output shaft also features a flat that mates it to a metal
link. The revolving of this link creates the yaw in the shoulder and elbow.

Figure 6.13. TB2 Shoulder and Elbow Joint Cross Section
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6.2.2.3.

Forearm

The forearm segment houses both an 8 mm motor for roll of the end effector and a
15 mm motor for open/close actuation. A cross section of this is shown in Figure 6.14.
Using similar principles as the previous joints, the motors actuate a spur gear set rigidly
attached to a properly constrained output shaft. A preload nut is used to load the bearings
ensuring optimal performance. For roll, the 8 mm motor rotates an end effector housing.
The 15 mm motor rotates a driveshaft housing that translates a driveshaft through the
inner diameter of the end effector housing by the use of an ACME thread. As the
driveshaft translates in and out, a linkage opens and closes the end effector. If a cautery
end effector is attached, only the roll actuation is used.

Figure 6.14. TB2 Forearm Cross Section
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6.2.3.

Insertion and Attachment

As described previously, each arm of the robot are individually inserted into a
small incision. Control rods attached to the torso segments are then positioned to align
the robot arms. A mating support rod is then attached to the control rods to rigidly hold
the robot arms. Once assembled, a port is placed over the support rod and the abdominal
cavity is insufflated. Figure 6.15 shows the robot with attached control rods and support
rod.

Figure 6.15. TB2
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Section 6.3.
6.3.1.

Electronics and Controls
Hardware and Communication

Power and communication for the robot are provided by tethered wires that
connect the motors in the robot to the external motor drivers.

The motors are

independently controlled using a proportional-integral-derivative (PID) control method.
This is implemented using LabVIEW (National Instruments) software and two
CompactRIO devices with NI 9505 full H-bridge brushed DC servo motor drivers. The
CompactRIO devices are real-time processors with reconfigurable I/O FPGA.
The software determines desired motor positions based on the inverse kinematics
of the surgical robot and the positions of the user controls. This information is then used
by the CompactRIO motor modules to move the motors to the desired position in real
time. Feedback from the motor encoders provides a closed-loop control system. A flow
chart of the communication is shown in Figure 6.16.

Figure 6.16. Surgical Robot Communication Flow Chart
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6.3.2.

Remote Surgical User Interface

The surgeon interface is located remotely within the operating room. It consists
of a video display, triple-action foot pedals, and two PHANTOM Omni (Sensable)
controllers. An example of this set-up is shown in Figure 6.17. The video display is a
high definition monitor that provides visual feedback from the on-board camera or a
laparoscope. The foot pedals are used to individually lock both the left and right robotic
arms, along with clutching to reset the position of the controllers within the workspace
without moving the robotic arms.

Figure 6.17. Remote Surgical User Interface
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The two PHANTOM Omni controllers, shown in Figure 6.18, are used to control
the motion of the robot. As the controllers move, the positions are captured using a
laptop and then mapped to the associated motor angles using the inverse kinematics.
These controllers and the associated software are extremely beneficial for surgical
robotics. The 6-DOF controllers provide 3-DOF force feedback. This haptic control can
be used to limit the surgeon’s movement to only within the robotic arms’ workspace and
can be used to prevent the arms from running into each other.

Other uses of the

controllers include reducing hand tremors and scaling. Scaling allows the surgeon to
change the precision of their movements to enable more high fidelity procedures.

Figure 6.18. Phantom Omni User Controls
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Section 6.4.

1-DOF On-Board Camera Design

Figure 6.19. Tilt On-Board Camera Cross Section

A 1-DOF camera was also designed for this robot. This camera was built directly
into the assembly support rod and fits right between the two arms. A cross section of the
design is shown in Figure 6.19. This compact design, shown on the robot in Figure 6.20,
features a small analog spy cam with two ultra-bright LEDs to provide lighting. A single
6 mm motor attached to a miter gear set revolves an output shaft that tilts the camera up
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and down. The camera is able to view the entire workspace and even look behind the
robot if necessary.

A variation with two cameras can also be attached to provide

stereoscopic viewing.

Figure 6.20. TB2 Model with Vision
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Chapter 7: In Vivo Results
The 4-DOF robots discussed in this thesis have all been tested in multiple nonsurvival surgical procedures in live porcine models at the University of Nebraska Medical
Center. All surgical protocol was approved by the Institutional Animal Care and Use
Committee (IACUC). During the procedures, specially trained laparoscopic surgeons
were on hand to control the robot and assess its efficacy.

Section 7.1.
7.1.1.

NB2.1 Surgery
Surgical Procedure

Four non-survival animal model cholecystectomies (gallbladder removal) were
performed using NB2.1. During all four procedures a complete cholecystectomy was
performed. In each case, surgeons attempted to place the robot within the abdominal
cavity through a single incision but were unable to assemble the robot completely due to
limited space.

The procedure was then converted to open surgery where large

transabdominal incisions were then made to provide complete access. The first two
procedures used the DC eye cautery.

This proved to be ineffective and the entire

cholecystectomy procedure took an average of two hours. The last two procedures
utilized the monopolar hook cautery. This was much more effective and the complete

50
procedure was reduced to ten minutes.

An image of NB2.1 completing a

cholecystectomy is shown in Figure 7.1.

Figure 7.1. NB2.1 During Surgery

7.1.2.

On-Board Camera

The on-board pan and tilt camera demonstrated its usefulness in NB2.1’s surgical
procedures. The camera can be seen between the arms of the robot in Figure 7.1.
Although surgeons did not have to move the camera very often, it proved to be
instrumental in completing the surgeries in such a fast time. The video feedback was
recorded, and selected screenshots of critical tasks being completed during the
cholecystectomy are shown in Figure 7.2. Frame (A) is grasping of the cystic duct;
Frame (B) is separation of the cystic duct; Frame (C) is stapling of the cystic duct; Frame
(D) is dissection of the cystic duct; Frame (E) is tissue dissection; Frame (F) is the
completion of the cholecystectomy procedure. In order to complete the procedure, a
supplementary laparoscopic stapler was used.
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Figure 7.2. NB2.1 Cholecystectomy Surgery Screenshots
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7.1.3.

Surgical Data

Data from LabVIEW were recorded during the most successful cholecystectomy.
These data include the X, Y, and Z positions of each arm’s end effector as functions of
time throughout the surgery. Various plots were produced from these data in order to
better analyze what was happening and see if there were any trends.
Figures 7.3 and 7.4 are the individual plots of the X, Y, and Z data over time for
the left and right arms, respectively. Visual analysis of these plots reveals that the right
arm is much more active than the left arm. This is common because most surgeons are
right handed and therefore set up the graspers as the left end effector and cautery as the
right end effector. The graspers are used to grab tissue and position it. The cautery is
then used in much more fine repetitive movements as it cuts the tissue. This stretch-anddissect process is iteratively repeated until the surgery is complete.

Figure 7.3. NB2.1 Left Arm Endpoint XYZ Data
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Figure 7.4. NB2.1 Right Arm Endpoint XYZ Data

Figure 7.5 shows the path distance traveled over time for the left and right end
effectors. The left arm travels about 2.5 m while the right arm travels about 7 m. This
further verifies that the right arm is used far more than the left. These distances can also
be compared later to other surgical procedures.

Figure 7.5. NB2.1 Left and Right Arm Endpoint Path

54

Figures 7.6 and 7.7 are time-history plots of the left and right arm endpoint
velocities, respectively. These data can be used to determine the peak velocity achieved
by each arm during the procedure. The left arm’s peak velocity is right at 160 mm/s.
This velocity was only reached once while most of the other velocity peaks topped out at
100 mm/s. The right arm’s peak velocity was also at 100 mm/s. Further analysis reveals
the surgical procedure never reached the theoretical maximum endpoint velocities of the
arms.

Figure 7.6. NB2.1 Left Arm Endpoint Velocity
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Figure 7.7. NB2.1 Right Arm Endpoint Velocity

Figures 7.8 and 7.9 are 3-D plots of the endpoint position. This forms a pseudo
cloud within the workspace. While difficult to discern any usable information without
viewing as a 3-D object, the plots further verify that the right arm is used far more than
the left. These plots also show that the left arm only used a small portion of the
workspace while the right arm used a much larger volume.
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Figure 7.8. NB2.1 Left Arm Endpoint Position

Figure 7.9. NB2.1 Right Arm Endpoint Position
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7.1.4.

Needle Drivers

At the completion of NB2.1’s final cholecystectomy, the tissue manipulation
grasper and monopolar cautery were removed and the robot was outfitted with the needle
driver end effectors. The robot was then used to successfully perform intracorporeal
suturing of the bowel. The needle drivers were able to drive a needle through tissue and
then tie a knot. It was found that the end effectors specifically suited for needle grasping
greatly reduced the slipping of the needle in the grasper and thus decreased the time
needed to suture in contrast with the tissue manipulation graspers that were previously
used. Suturing a single knot with the tissue manipulator graspers took an average of ten
minutes. This time was reduced to an average of two minutes with the needle graspers.
NB2.1 driving a needle through tissue is shown in Figure 7.10.

Figure 7.10. Needle Drivers Suturing Live Tissue
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Section 7.2.

TB2 Surgery

TB2 has been used in two successful non-survival surgical procedures in a live
porcine model. During these procedures a simple insertion procedure was used, the robot
operated, and then the robot and specimen were extracted all through the single incision.

7.2.1.

Insertion

TB2 was smoothly inserted into the abdominal cavity during both surgical
procedures. An incision of 5 cm length on the umbilicus was used. This incision was
purposefully oversized to allow easy insertion for feasibility tests. In the future the
incision could be reduced to 3.5 cm. As described previously, each arm was individually
inserted and then mated to the assembly rod. The process of inserting the arms is shown
in Figure 7.11. An external view of the support rod that protrudes through the gel port in
the peritoneum is shown in Figure 7.12. The entire process of insertion took an average
of five minutes.

Figure 7.11. TB2 Insertion in Porcine Model
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Figure 7.12. TB2 Inserted and Supported

7.2.2.

Surgical Procedure

During both procedures, a complete colectomy was performed. A colectomy is
the surgical removal of part of the colon. To be more specific, a cecectomy procedure
was performed. This is the surgical removal of the cecum. As the cecum is on the end of
the colon, only one transection would need to be made.
A traditional laparoscope was used to visualize the operation. The video feedback
from the laparoscope was recorded and selected screenshots of critical tasks being
completed during the cecectomy are shown in Figure 7.13. Frame (A) is identification of
the colon mesentery; Frame (B) is dissection of the colon mesentery; Frame (C) is
mobilization of the colon mesentery; Frame (D) is transection of the colon using a
supplementary Endo GIH stapling device; Frame (E) shows the robot assisting with
further transection; Frame (F) is removal of the specimen and completion of the
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cecectomy procedure. The extracted cecum specimen is shown in Figure 7.14. The
entire procedure took about half an hour to complete. Surgeons commented that the
robot was very intuitive to use and provided noticeable benefits over traditional
laparoscopic tools.

Figure 7.13. TB2 Colon Resection Screenshots
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Because the procedure was a cecectomy, no further work was needed. If a section
in the middle of the colon was to be removed, the colon would need to be exteriorized
and standard EEA anastomosis would be performed. This is the process of suturing the
two parts of the colon back together after a section is removed.

Figure 7.14. Cecum Specimen Retrieved During Surgery

7.2.3.

Surgical Data

As with the NB2.1 surgery, data from LabVIEW was recorded during the
successful cecectomy. These data include the X, Y, and Z positions of each arm’s end
effector as functions of time throughout the surgery. The data were filtered and various
plots were produced to better analyze what was happening and see if there were any
trends.
Figures 7.15 and 7.16 are the individual plots of the X, Y, and Z data over time
for the left and right arms, respectively. These plots are quite clustered and more difficult
to discern than the similar NB2.1 plots. Visual analysis again reveals that the right arm is
much more active than the left arm. As with a cholecystectomy, colectomies use the
graspers on the left arm to grab tissue and position it and the cautery on the right arm is
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then used in much more fine repetitive movements as it cuts the tissue. This stretch-anddissect process is iteratively repeated until the surgery is complete.

Figure 7.15. TB2 Left Arm Endpoint XYZ Data

Figure 7.16. TB2 Right Arm Endpoint XYZ Data
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Figures 7.17 show the path distance traveled over time for the left and right end
effectors. The left arm travels about 12 m while the right arm travels about 20 m. This
further verifies that the right arm is used far more than the left.

Figure 7.17. TB2 Left and Right Arm Endpoint Path

Figures 7.18 and 7.19 are time-history plots of the left and right arm endpoint
velocities, respectively.

The peak velocity for left arm is about 550 mm/s while the

right arm’s peak velocity is at 250 mm/s. The left arm data may be slightly skewed as the
endpoints would not be able to reach 550 mm/s. This is likely due to noise that was not
filtered out from the data. This velocity is only reached twice with most of the other
peaks topping out at 300 mm/s. If the two 550 mm/s velocity peaks are ignored, the
robot can easily perform all of the peak velocities required.
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Figure 7.18. TB2 Left Arm Endpoint Velocity

Figure 7.19. TB2 Right Arm Endpoint Velocity

Figures 7.20 and 7.21 are 3-D plots of the endpoint position. It is much easier to
discern the boundaries of the robotic workspace in these plots even without viewing them
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as a 3-D object. The plots further verify that the right arm is used more than the left.
These plots also show that both arms used up the majority of the workspace volume.

Figure 7.20. TB2 Left Arm Endpoint Position

Figure 7.21. TB2 Right Arm Endpoint Position
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7.2.4.

On-Board Camera

TB2 was inserted once using the tilting on-board camera that was designed.
Figure 7.22 shows this camera in between the two arms. While insertion with the camera
was no problem, the resolution of the imager’s output proved to be insufficient under the
poor lighting conditions of the abdominal cavity. The two ultra-bright LEDs did not
provide enough lighting and it was difficult to accurately visualize the workspace. The
imager also began to fail once moisture seeped into the plastic housing. The camera was
removed and a standard laparoscope replaced it. In the future, better lighting would be
necessary to make this camera work. Fiber optics from a light source would be much
better at lighting the environment than the LEDs. A higher resolution digital imager
could also be used.

Figure 7.22. TB2 with On-Board Camera
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Section 7.3.

Comparisons

When comparing the plots of surgical data between the cholecystectomy and
cecectomy, it is easy to see similar trends. During both surgeries, the right cautery arm
was utilized far more than the left grasping arm. This was to be expected due to the
stretch-and-dissect nature of the procedures.
However, many differences can also be seen between the two surgeries. The
cecectomy overall path distance is greater than the cholecystectomy distance by about a
factor of two. This is due to the cecectomy being a much more complex procedure that
takes more time and more movement of the end effectors. The peak velocity for the
cecectomy was also about a factor of two greater than the cholecystectomy. While this
may be due to different kinematics and abilities of the robots, it is more likely because
the surgeons were more comfortable with the newer robot and moved around much faster
because of this. The 3-D position plots also show a substantial difference. In the
cholecystectomy, the left arm is hardly used at all and a very small volume of the
workspace is used. For the cecectomy, both arms are utilized much more and nearly the
entire workspace volume is used.
Further analysis in the future will try to quantify all of this data and compare it
statistically to view other trends that are not as readily visible. This information can then
be used for future designs.
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Chapter 8: Summary and Conclusions
In this thesis, several aspects of three generations of 4-DOF multi-functional in
vivo surgical robots were presented. A clear demonstration of the feasibility of using
these robotic platforms to perform LESS surgeries was shown. Several design aspects as
well as the workspace, forces, speeds, and manipulability of these robots were analyzed.
In vivo tests were then used to verify the data.
NB2 was instrumental in demonstrating the proof of concept of using a surgical
robot to perform complex surgical tasks. TB1 established the ability to completely insert
a robot within the abdominal cavity. TB2 utilized the knowledge gained from NB2 and
TB1 to become the most successful in vivo surgical robot to date. The intersecting
workspace of TB2 was shown to encompass a large portion of the colon, while the forces,
speeds, and manipulability were shown to be maximal in the area of the workspace where
surgical tasks would be completed.
In the future, additional in vivo testing will be done to demonstrate the efficacy of
this robot. Improvements in the design are continually occurring to optimize the size and
workspace for specific surgical procedures along with adding robustness to the robot so
that it is reliable in all surgical conditions. The goal will be to acquire Food and Drug
Administration approval to perform a first-in-human procedure.
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TB2 Kinematic Analysis
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Appendix B.

TB2 Theoretical Abilities

Supporting Material
clear all
close all
clc
%% Joint Parameters
theta1min=-45*pi/180;
theta1max=45*pi/180;
theta1step=.5*pi/180;
theta2min=-45*pi/180;
theta2max=65*pi/180;
theta2step=.5*pi/180;
theta3min=-125*pi/180;
theta3max=0*pi/180;
theta3step=.5*pi/180;
% % Motor Specs [mNm]
T(1) = 1220.61;
T(2) = 264.17;
T(3) = 264.17;
wm(1) = .97; %[rad/s]
wm(2) = 1.11;
wm(3) = 1.11;
l=0; m=0; n=0; Xn=0; nn=0;
for theta1= theta1min:theta1step:theta1max
theta1=0;
l=l+1;
m=0;
for theta2= theta2min:theta2step:theta2max
m=m+1;
n=1;
for theta3= theta3min:theta3step:theta3max
n=n+1;
%% Forward Kinematics
XF(l,m,n) = 81.4*cos(theta1)*cos(theta2)*cos(theta3)81.4*cos(theta1)*sin(theta2)*sin(theta3)+50.8*cos(theta1)*cos(theta2);
YF(l,m,n) = 81.4*sin(theta1)*cos(theta2)*cos(theta3)81.4*sin(theta1)*sin(theta2)*sin(theta3)+50.8*sin(theta1)*cos(theta2);
ZF(l,m,n) = -81.4*sin(theta2)*cos(theta3)81.4*cos(theta2)*sin(theta3)-61.9-50.8*sin(theta2);
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%% Jacobian Calculation Frame Zero
J(1,1) = 81.4*sin(theta1)*cos(theta2)*cos(theta3)+81.4*sin(theta1)*sin(theta2)*s
in(theta3)-50.8*sin(theta1)*cos(theta2);
J(1,2) = -81.4*cos(theta1)*sin(theta2)*cos(theta3)81.4*cos(theta1)*cos(theta2)*sin(theta3)-50.8*cos(theta1)*sin(theta2);
J(1,3) = -81.4*cos(theta1)*cos(theta2)*sin(theta3)81.4*cos(theta1)*sin(theta2)*cos(theta3);
J(2,1) = 81.4*cos(theta1)*cos(theta2)*cos(theta3)81.4*cos(theta1)*sin(theta2)*sin(theta3)+50.8*cos(theta1)*cos(theta2);
J(2,2) = -81.4*sin(theta1)*sin(theta2)*cos(theta3)81.4*sin(theta1)*cos(theta2)*sin(theta3)-50.8*sin(theta1)*sin(theta2);
J(2,3) = -81.4*sin(theta1)*sin(theta2)*cos(theta3)81.4*sin(theta1)*cos(theta2)*sin(theta3);
J(3,1) = 0;
J(3,2) = 81.4*cos(theta2)*cos(theta3)+81.4*sin(theta2)*sin(theta3)50.8*cos(theta2);
J(3,3) = 81.4*sin(theta2)*sin(theta3)81.4*cos(theta2)*cos(theta3);
%% Rotational Transforamtion
R(1,1) = cos(theta1)*cos(theta2)*cos(theta3)cos(theta1)*sin(theta2)*sin(theta3);
R(1,2) = -cos(theta1)*cos(theta2)*sin(theta3)cos(theta1)*sin(theta2)*cos(theta3);
R(1,3) = -sin(theta1);
R(2,1) = sin(theta1)*cos(theta2)*cos(theta3)sin(theta1)*sin(theta2)*sin(theta3);
R(2,2) = -sin(theta1)*cos(theta2)*sin(theta3)sin(theta1)*sin(theta2)*cos(theta3);
R(2,3) = cos(theta1);
R(3,1) = -sin(theta2)*cos(theta3)-cos(theta2)*sin(theta3);
R(3,2) = sin(theta2)*sin(theta3)-cos(theta2)*cos(theta3);
R(3,3) = 0;
%% Jacobian transpose, inverse
Jti(1,1) = 4.999999998*sin(theta1)/(407.*cos(theta2)*cos(theta3)+407.*sin(theta2)*sin(theta3)254.*cos(theta2));
Jti(1,2) = -(0.1968503937e-1*(sin(theta2)*sin(theta3)1.*cos(theta2)*cos(theta3)))*cos(theta1)/sin(theta3);
Jti(1,3) = 1.000000000*10^(-11)*cos(theta1)*(1.968503937*10^9*cos(theta2)*cos(theta3)+1.968503937*10^9*sin(theta2)*s
in(theta3)-1.228501229*10^9*cos(theta2));
Jti(2,1) = -4.999999998*cos(theta1)/(407.*cos(theta2)*cos(theta3)+407.*sin(theta2)*sin(theta3)254.*cos(theta2));
Jti(2,2) = -((0.1968503937e-1*(sin(theta2)*sin(theta3)1.*cos(theta2)*cos(theta3)))*sin(theta1))/sin(theta3);
Jti(2,3) = 1.000000000*10^(-11)*sin(theta1)*(1.968503937*10^9*cos(theta2)*cos(theta3)+1.968503937*10^9*sin(theta2)*s
in(theta3)-1.228501229*10^9*cos(theta2));
Jti(2,3) = 0;
Jti(3,1) = -(0.1968503937e1*(cos(theta2)*sin(theta3)+sin(theta2)*cos(theta3)))/sin(theta3);
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Jti(3,2) = 1.000000000*10^(11)*(1.968503937*10^9*cos(theta2)*sin(theta3)+1.968503937*10^9*sin(thet
a2)*cos(theta3)+1.228501229*10^9*sin(theta2));

%% Manipulability Measure
w(l,m,n) = sqrt(abs(det(J*transpose(J))));
%% Force and Velocity
F = ((J')^-1)*T'; % [mNm/mm]
F = Jti*T';
Fx(l,m,n)=abs(F(1));
Fy(l,m,n)=abs(F(2));
Fz(l,m,n)=abs(F(3));

%

V = J*wm';
Vx(l,m,n)=abs(V(1));
Vy(l,m,n)=abs(V(2));
Vz(l,m,n)=abs(V(3));
% Find minimum values
[Fm(l,m,n),Fp(l,m,n)] = min(abs(F));
[Vm(l,m,n),Vp(l,m,n)] = min(abs(V));
% Find maximum values
[Fmax(l,m,n),Fp(l,m,n)] = max(abs(F));
[Vmax(l,m,n),Vp(l,m,n)] = max(abs(V));
end
end
end
%% Find Maximum Manipulability
maxw=max(max(max(w)))
% %% Find Force and Velocity Percentage
Pf = countmember([1 2 3],Fp);
Pv = countmember([1 2 3],Vp);
Pfx = Pf(1)/sum(Pf);
Pfy = Pf(2)/sum(Pf);
Pfz = Pf(3)/sum(Pf);
Pvx = Pv(1)/sum(Pv);
Pvy = Pv(2)/sum(Pv);
Pvz = Pv(3)/sum(Pv);
fprintf('X-Axis %f Y-Axis %f Z-Axis %f \n', Pvx, Pvy, Pvz);
fprintf('X-Axis %f Y-Axis %f Z-Axis %f \n', Pvx, Pvy, Pvz);
%% Normalize Manipulability
for l = 1:size(w,1)
for m=1:size(w,2)
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for n=1:size(w,3)
w(l,m,n)=w(l,m,n)/maxw;
end
end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Find Maximum/Average Forces and Velocity in X, Y, Z
maxFx=max(max(max(Fx)))
maxFy=max(max(max(Fy)))
maxFz=max(max(max(Fz)))
maxVx=max(max(max(Vx)))
maxVy=max(max(max(Vy)))
maxVz=max(max(max(Vz)))
avgFx=mean(mean(mean(Fx)))
avgFy=mean(mean(mean(Fy)))
avgFz=mean(mean(mean(Fz)))
avgVx=mean(mean(mean(Vx)))
avgVy=mean(mean(mean(Vy)))
avgVz=mean(mean(mean(Vz)))

%% Plot Manipulability
figure(1)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),w(:,:,ii));
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Manipulability','fontweight','bold')
set(gca,'fontweight','bold');
%% Plot Robot
xb = [0 0 ];
yb = [0 0 ];
zb = [0 -61.9 ] ;
plot3(xb,yb,zb,'-k','LineWidth',3)
x1 = [0 50.8*cos(30*pi/180) ];
y1 = [0 0];
z1 = [-61.9 -61.9-50.8*sin(30*pi/180) ];
plot3(x1,y1,z1,'-b','LineWidth',3)
x2 = [50.8*cos(30*pi/180) 50.8*cos(30*pi/180)+81.4*cos(-45*pi/180) ];
y2 = [0 0];
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z2 = [-61.9-50.8*sin(30*pi/180) -61.9-50.8*sin(30*pi/180)-81.4*sin(45*pi/180)];
plot3(x2,y2,z2,'-g','LineWidth',3)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Minimum Force Mesh
figure(2)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Fm(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Minimum Force (N)','fontweight','bold')
set(gca,'fontweight','bold');
%% Plot Robot
xb = [0 0 ];
yb = [0 0 ];
zb = [0 -61.9 ] ;
plot3(xb,yb,zb,'-k','LineWidth',3)
x1 = [0 50.8*cos(30*pi/180) ];
y1 = [0 0];
z1 = [-61.9 -61.9-50.8*sin(30*pi/180) ];
plot3(x1,y1,z1,'-b','LineWidth',3)
x2 = [50.8*cos(30*pi/180) 50.8*cos(30*pi/180)+81.4*cos(-45*pi/180) ];
y2 = [0 0];
z2 = [-61.9-50.8*sin(30*pi/180) -61.9-50.8*sin(30*pi/180)-81.4*sin(45*pi/180)];
plot3(x2,y2,z2,'-g','LineWidth',3)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Minimum Velocity Mesh
figure(3)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Vm(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
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zlabel('Z [mm]','fontweight','bold')
title('TB2 Minimum Velocity (mm/sec)','fontweight','bold')
set(gca,'fontweight','bold');
%% Plot Robot
xb = [0 0 ];
yb = [0 0 ];
zb = [0 -61.9 ] ;
plot3(xb,yb,zb,'-k','LineWidth',3)
x1 = [0 50.8*cos(30*pi/180) ];
y1 = [0 0];
z1 = [-61.9 -61.9-50.8*sin(30*pi/180) ];
plot3(x1,y1,z1,'-b','LineWidth',3)
x2 = [50.8*cos(30*pi/180) 50.8*cos(30*pi/180)+81.4*cos(-45*pi/180) ];
y2 = [0 0];
z2 = [-61.9-50.8*sin(30*pi/180) -61.9-50.8*sin(30*pi/180)-81.4*sin(45*pi/180)];
plot3(x2,y2,z2,'-g','LineWidth',3)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Fx Mesh
figure(4)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Fx(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Fx (N)','fontweight','bold')
set(gca,'fontweight','bold');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Fy Mesh
figure(5)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Fy(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
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zlabel('Z [mm]','fontweight','bold')
title('TB2 Fy (N)','fontweight','bold')
set(gca,'fontweight','bold');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Fz Mesh
figure(6)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Fz(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Fz (N)','fontweight','bold')
set(gca,'fontweight','bold');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Vx Mesh
figure(7)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Vx(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Vx (mm/sec)','fontweight','bold')
set(gca,'fontweight','bold');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Vy Mesh
figure(8)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Vy(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
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colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Vy (mm/sec)','fontweight','bold')
set(gca,'fontweight','bold');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Vz Mesh
figure(9)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Vz(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Vz (mm/sec)','fontweight','bold')
set(gca,'fontweight','bold');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Maximum Force Mesh
figure(10)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Fmax(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Maximum Force (N)','fontweight','bold')
set(gca,'fontweight','bold');

%% Plot Robot
xb = [0 0 ];
yb = [0 0 ];
zb = [0 -61.9 ] ;
plot3(xb,yb,zb,'-k','LineWidth',3)
x1 = [0 50.8*cos(30*pi/180) ];
y1 = [0 0];
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z1 = [-61.9 -61.9-50.8*sin(30*pi/180) ];
plot3(x1,y1,z1,'-b','LineWidth',3)
x2 = [50.8*cos(30*pi/180) 50.8*cos(30*pi/180)+81.4*cos(-45*pi/180) ];
y2 = [0 0];
z2 = [-61.9-50.8*sin(30*pi/180) -61.9-50.8*sin(30*pi/180)-81.4*sin(45*pi/180)];
plot3(x2,y2,z2,'-g','LineWidth',3)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Plot Maximum Velocity Mesh
figure(11)
hold on
for ii=1:size(XF,3)
mesh(XF(:,:,ii),YF(:,:,ii),ZF(:,:,ii),Vmax(:,:,ii))
end
%% view(1);
view(180,180);
colorbar;
colormap('default')
xlabel('X [mm]','fontweight','bold')
ylabel('Y [mm]','fontweight','bold')
zlabel('Z [mm]','fontweight','bold')
title('TB2 Maximum Velocity (mm/sec)','fontweight','bold')
set(gca,'fontweight','bold');

%% Plot Robot
xb = [0 0 ];
yb = [0 0 ];
zb = [0 -61.9 ] ;
plot3(xb,yb,zb,'-k','LineWidth',3)
x1 = [0 50.8*cos(30*pi/180) ];
y1 = [0 0];
z1 = [-61.9 -61.9-50.8*sin(30*pi/180) ];
plot3(x1,y1,z1,'-b','LineWidth',3)
x2 = [50.8*cos(30*pi/180) 50.8*cos(30*pi/180)+81.4*cos(-45*pi/180) ];
y2 = [0 0];
z2 = [-61.9-50.8*sin(30*pi/180) -61.9-50.8*sin(30*pi/180)-81.4*sin(45*pi/180)];
plot3(x2,y2,z2,'-g','LineWidth',3)
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Appendix C.

NB2 Surgical Data Analysis

Supporting Material
clc;
clear all;
load 'Matlab Workspace.mat';
%Set data as Left or Right
data = left;
if data == left
dataLabel = 'Left'
else
dataLabel = 'Right'
end
numData = length(data(:,1));

%Filter [X,Y,Z] data
cutoff = 10 %Hz
[butterB,butterA] = butter(2,cutoff/(50/2),'low');
filtdata(:,1) = data(:,1);
filtdiff(:,1) = data(:,1);
for i = 2 : 4
filtdata(:,i) = filter(butterB,butterA,data(:,i)-data(1,i)) +
data(1,i);
filtdiff(:,i) = data(:,i) - filtdata(:,i);
end
%Calculate data statistics
t_x_y_z_MinMaxDiffAvgStdDev = zeros(5,4);
for i = 1 : 4
t_x_y_z_MinMaxDiffAvgStdDev(:,i) = [min(data(:,i)), max(data(:,i)),
0, mean(data(:,i)), std(data(:,i))];
t_x_y_z_MinMaxDiffAvgStdDev(3,i) = t_x_y_z_MinMaxDiffAvgStdDev(2,i)
- t_x_y_z_MinMaxDiffAvgStdDev(1,i);
end
t_x_y_z_MinMaxDiffAvgStdDev
%Plot data and filtered data
figure(1)
clf;
hold on;
plot(filtdata(:,1),filtdata(:,2),'b',filtdata(:,1),filtdata(:,3),'k',fi
ltdata(:,1),filtdata(:,4),'r');
title([dataLabel ' Arm - Endpoint XYZ Data'],'fontweight','bold');
xlabel(headers(1),'fontweight','bold');
ylabel('Data (mm)','fontweight','bold');
legend('X','Y','Z');
set(gca,'fontweight','bold');

%Calculate path variable
path = zeros(numData,1);
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filtpath = zeros(numData,1);
for i = 2 : numData
path(i,1) = path(i-1,1) + ((data(i,2)-data(i-1,2))^2 + (data(i,3)data(i-1,3))^2 + (data(i,4)-data(i-1,4))^2)^(1/2);
filtpath(i,1) = filtpath(i-1,1) + ((filtdata(i,2)-filtdata(i1,2))^2 + (filtdata(i,3)-filtdata(i-1,3))^2 + (filtdata(i,4)filtdata(i-1,4))^2)^(1/2);
end
MaxPath = path(numData,1)
MaxFiltPath = filtpath(numData,1)
PathDiff = MaxPath - MaxFiltPath
PathDiffPercentage = PathDiff/MaxPath*100
%Plot path and filtered path
figure(2)
clf;
hold on;
plot(data(:,1),filtpath(:,1),'k');
title([dataLabel ' Arm - Endpoint Path'],'fontweight','bold');
xlabel(headers(1),'fontweight','bold');
ylabel('Path (mm)','fontweight','bold');
set(gca,'fontweight','bold');

%Calculate path velocity
pathvel = [0; diff(path(:,1))./diff(data(:,1))];
filtpathvel = [0; diff(filtpath(:,1))./diff(data(:,1))];
%Calculate path statistics
pathvel_filtpathvel_MinMaxDiffAvgStdDev = zeros(5,2);
pathvel_filtpathvel_MinMaxDiffAvgStdDev(:,1) = [min(pathvel(:,1)),
max(pathvel(:,1)), 0, mean(pathvel(:,1)), std(pathvel(:,1))];
pathvel_filtpathvel_MinMaxDiffAvgStdDev(3,1) =
pathvel_filtpathvel_MinMaxDiffAvgStdDev(2,1) pathvel_filtpathvel_MinMaxDiffAvgStdDev(1,1);
pathvel_filtpathvel_MinMaxDiffAvgStdDev(:,2) = [min(filtpathvel(:,1)),
max(filtpathvel(:,1)), 0, mean(filtpathvel(:,1)),
std(filtpathvel(:,1))];
pathvel_filtpathvel_MinMaxDiffAvgStdDev(3,2) =
pathvel_filtpathvel_MinMaxDiffAvgStdDev(2,2) pathvel_filtpathvel_MinMaxDiffAvgStdDev(1,2);
pathvel_filtpathvel_MinMaxDiffAvgStdDev
%Plot path and filtered path velocities
figure(3)
clf;
hold on;
plot(data(:,1),filtpathvel(:,1),'k');
title([dataLabel ' Arm - Endpoint Path Velocity'],'fontweight','bold');
xlabel(headers(1),'fontweight','bold');
ylabel('Path Velocity (mm/s)','fontweight','bold');
set(gca,'fontweight','bold');

%Workspace wrt robot
origin = [0,0,0];
Ri = 78;
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Ro = 117;
%Plot data
figure(4);
clf;
hold on;
plot3(data(:,4),data(:,2),data(:,3));
title([dataLabel ' Arm - Endpoint Position'],'fontweight','bold');
xlabel('Z (mm)','fontweight','bold');
ylabel('X (mm)','fontweight','bold');
zlabel('Y (mm)','fontweight','bold');
set(gca,'fontweight','bold');
view(135,30);
scales = axis;
scales(1,2)=0;
axis(scales);
hidden off % turns on/off hidden line removal so you can see through
the surfaces
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Appendix D.

TB2 Surgical Data Analysis

Supporting Material
clc;
clear all;
close all;
importfile('D:\Users\Tyler\Desktop\TB2.0\TB2 Data\4-20-11 TB2 Animal
Surgery Data\Test Data_4-20-2011_131 PM_Left.txt');
left = data(2000:40000,1:4);
importfile('D:\Users\Tyler\Desktop\TB2.0\TB2 Data\4-20-11 TB2 Animal
Surgery Data\Test Data_4-20-2011_131 PM_Right.txt');
right = data(2000:40000,1:4);
for i = 1:4
headers{i} = textdata{i};
end
clear data textdata colheaders
%Set data as Left or Right
data = right; %Left or Right
if data == left
dataLabel = 'Left'
else
dataLabel = 'Right'
end
numData = length(data(:,1));
%Filter [X,Y,Z] data
cutoff = 10 %10 Hz
[butterB,butterA] = butter(2,cutoff/(50/2),'low');
filtdata(:,1) = data(:,1);
filtdiff(:,1) = data(:,1);
for i = 2 : 4
filtdata(:,i) = filter(butterB,butterA,data(:,i)-data(1,i)) +
data(1,i);
filtdiff(:,i) = data(:,i) - filtdata(:,i);
end
%Calculate data statistics
t_x_y_z_MinMaxDiffAvgStdDev = zeros(5,4);
for i = 1 : 4
t_x_y_z_MinMaxDiffAvgStdDev(:,i) = [min(data(:,i)), max(data(:,i)),
0, mean(data(:,i)), std(data(:,i))];
t_x_y_z_MinMaxDiffAvgStdDev(3,i) = t_x_y_z_MinMaxDiffAvgStdDev(2,i)
- t_x_y_z_MinMaxDiffAvgStdDev(1,i);
end
t_x_y_z_MinMaxDiffAvgStdDev
%Plot filtered data
figure(1)
clf;
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hold on;
plot(filtdata(:,1),filtdata(:,2),'b',filtdata(:,1),filtdata(:,3),'k',fi
ltdata(:,1),filtdata(:,4),'r');
title([dataLabel 'Arm - Endpoint XYZ Data');
xlabel(headers(1));
ylabel('Data (mm)');
legend('X','Y','Z');
%Calculate path variable
path = zeros(numData,1);
filtpath = zeros(numData,1);
for i = 2 : numData
path(i,1) = path(i-1,1) + ((data(i,2)-data(i-1,2))^2 + (data(i,3)data(i-1,3))^2 + (data(i,4)-data(i-1,4))^2)^(1/2);
filtpath(i,1) = filtpath(i-1,1) + ((filtdata(i,2)-filtdata(i1,2))^2 + (filtdata(i,3)-filtdata(i-1,3))^2 + (filtdata(i,4)filtdata(i-1,4))^2)^(1/2);
end
MaxPath = path(numData,1)
MaxFiltPath = filtpath(numData,1)
PathDiff = MaxPath - MaxFiltPath
PathDiffPercentage = PathDiff/MaxPath*100
%Plot filtered path
figure(2)
clf;
hold on;
plot(data(:,1),filtpath(:,1),'k');
title([dataLabel 'Arm - Endpoint Path');
xlabel(headers(1));
ylabel('Path (mm)');
%Calculate path velocity
pathvel = [0; diff(path(:,1))./diff(data(:,1))];
filtpathvel = [0; diff(filtpath(:,1))./diff(data(:,1))];
%Calculate path statistics
pathvel_filtpathvel_MinMaxDiffAvgStdDev = zeros(5,2);
pathvel_filtpathvel_MinMaxDiffAvgStdDev(:,1) = [min(pathvel(:,1)),
max(pathvel(:,1)), 0, mean(pathvel(:,1)), std(pathvel(:,1))];
pathvel_filtpathvel_MinMaxDiffAvgStdDev(3,1) =
pathvel_filtpathvel_MinMaxDiffAvgStdDev(2,1) pathvel_filtpathvel_MinMaxDiffAvgStdDev(1,1);
pathvel_filtpathvel_MinMaxDiffAvgStdDev(:,2) = [min(filtpathvel(:,1)),
max(filtpathvel(:,1)), 0, mean(filtpathvel(:,1)),
std(filtpathvel(:,1))];
pathvel_filtpathvel_MinMaxDiffAvgStdDev(3,2) =
pathvel_filtpathvel_MinMaxDiffAvgStdDev(2,2) pathvel_filtpathvel_MinMaxDiffAvgStdDev(1,2);
pathvel_filtpathvel_MinMaxDiffAvgStdDev
%Plot filtered path velocities
figure(3)
clf;
hold on;
plot(data(:,1),filtpathvel(:,1),'k');
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title([dataLabel 'Arm - Endpoint Path Velocity');
xlabel(headers(1));
ylabel('Path Velocity (mm/s)');
%Plot data
figure(10);
clf;
hold on;
plot3(data(:,4),data(:,2),data(:,3));
title([dataLabel 'Arm - Endpoint Position']);
xlabel('Z (mm)');
ylabel('X (mm)');
zlabel('Y (mm)');
view(135,30);
scales = axis;
scales(1,2)=0;
axis(scales);
hidden off % turns on/off hidden line removal so you can see through
the surfaces

